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Abstract 

I n i t i a l  observations of e lectrons over t he  energy range 

extending from - 100 eV t o  50 keV a t  geocentric radial distances 

8 €$ t o  20 i n  the  dark hemisphere of t he  ea r th ' s  magnetosphere 

with e l ec t ros t a t i c  analyzers borne on OGO 3 (launch, 7 June 1966) 

a r e  FreSP3tPd f o r  t he  inbound pass of the s a t e l l i t e  on 12-13 June 

1966. 

characterized by a s ingle  peak i n  i n t e n s i t i e s  occurring i n  the 

energy range - 0.8 t o  10 keV and a t  lower energies with increasing 

geocentric radial distance, by broader widths with decreasing 

radial distance, and by greater slopes f o r  e lectron energies 

Ee Iu > 5 keV with increasing r ad ia l  distance. The radial p ro f i l e s  

of unidirect ional  and omnidirectional, i n t eg ra l  and d i f f e r e n t i a l  

i n t e n s i t i e s ,  and energy densi t ies  of electrons within the 

above energy range are  characterized by catastrophic var ia t ions  

i n  magnitude which are  presumably re f lec t ions  of both temporal 

and s p a t i a l  var ia t ions  i n  in t ens i t i e s .  

example of an electron spectrum with two  peaks i n  i n t e n s i t i e s  a t  

Ee - - 1 keV and - - 10 keV i s  examined during t h e  onset of t he  

event and t h e  peaks i n  electron in t ens i t i e s  were found t o  occur 

The electron d i f f e ren t i a l  e n e r a  spectrums typ ica l ly  a re  

A r e l a t i v e l y  uncommon 
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at  lower energies with increasing time. 

e lectron spectrums a re  'monoenergetic' t o  t h e  extent that  

> 75% of the  energy flux i s  shared among electrons i n  the energy 

range 1 t o  3 keV, as an example, although measurable e lectron 

i n t e n s i t i e s  a re  observed over the en t i r e  energy range - 400 eV t o  

50 keV. 

cpcztrims ~5th increasing radial c?I~f.mm 8 R , t o  ?O R-, t he  

electron energy dens i t ies  i n  the peaks of i n t e n s i t i e s  do not show 

a marked radial dependence beyond - 13 . The observed electron 

(Ee > 280 eV)  energy densi t ies  i n  the  peaks of the  r a d i a l  p ro f i l e s  

almost always r i s e  t o  - lo-' e r g ( ~ m ) - ~ ,  an e f fec t  which may be 

indicat ive of  an i n s t a b i l i t y  or  ' sa turat ion '  of the  l o c a l  

magnetic f i e l d ,  and are s ignif icant  i n  subs tan t ia l ly  d i s to r t ing  

t h e  geomagnetic f i e l d  beyond - 8 RE. 
r a t i o s  of i n t e n s i t i e s  J(Ee > 610 eV)/J(Ee > 45 keV) are 

10 i n  the magnetospheric t a i l .  The maximum temporal resolut ion 

of t he  apparatus i s  - 100 milliseconds: temporal var ia t ions of 

low-energy electron in t ens i t i e s  by fac tors  >, 2 occurred usual ly  i n  

periods - seconds t o  several  minutes. 

Beyond - 13 % many 

N 

I n  contrast  with the  pers i s ten t  softening of the  electron 

h h 

% 

Typical values of t he  

4 
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I. Introduction 

Observations of electrons over an energy range 

extending from approximately 1 eV t o  1 MeV i n  the  d is tan t  

magnetosphere have already been provided with s a t e l l i t e -  

borne plasma cups, Geiger-Mueller tubes, e l e c t r o s t a t i c  

analyzers, s c i n t i l l a t o r s  and sol id  s t a t e  devices. Although 

many of these experiments lacked the  temporal resolut ion,  

energy discrimination and range, s p a t i a l  coverage o r  

s e n s i t i v i t y  t o  provide comprehensive information con- 

cerning the  character of the low-energy electron 

d is t r ibu t ions  i n  the  d is tan t  magnetosphere ( t h e  

t r ans i t i on  region, t he  magnetopause, and the  ear th ' s  

magnetic t a i l ) ,  our present knowledge of these electron 

d is t r ibu t ions  i s  suf f ic ien t  f o r  discerning several  of t he  

magnetospheric phenomena and for  providing important 

information i n  the  design of fu ture  experiments directed 

toward more de ta i led  investigations of magnetospheric 

processes. 

been reported by Serbu and Maier [I9661 over the  energy 

range 0 eV t o  50 eV, by Gringauz and h i s  collaborators 

[ 1960; 19631, Freeman [ 19641, and Bridge and h i s  

Several of these surveys of e lectrons have 
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associates  [I9651 over the  energy range - 50 eV t o  a few 

ki loelectron vo l t s ,  and by Frank [1965a, b], Anderson 

[19651, Frank and Van Allen [1964], P izze l la ,  Davis and 

Williamson [19663, and Serlemitsos [19663 over the energy 

range - 10 keV t o  1 MeV. 

a t  geocentric r a d i a l  distances - 17 

good energy resolut inn over a subs tan t ia l  Dortion of t he  

above energy range, 350 eV t o  20 keV, with t h e  Vela s a t e l l i t e s  

have been summarized by Coon [1966]. The following presentation 

i s  directed toward examining the electron spectrums and 

i n t e n s i t i e s  over t h e  energy range extending from - 100 eV t o  

50,000 ev from 8 t o  20 geocentric r a d i a l  distances i n  

the dark hemisphere of the magnetosphere with i n i t i a l  measure- 

ments obtained with cyl indrical-plate  e l e c t r o s t a t i c  analyzers 

borne on the  s a t e l l i t e  OGO 3. 

Observations of low-energy electrons 

(%, ear th  radius)  with 
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11. Description - of Apparatus 

OGO 3 (1966-494) was launched a t  02:48 U.T. on 

7 June 1966 i n to  a highly eccentric o r b i t  with i n i t i a l  

apogee 128,500 km and perigee 6,700 km geocentric r a d i a l  

distances,  inc l ina t ion  31" and period 48.6 hours. 

the  l o c a l  time of t he  direct ion of the  l i n e  of apsides was 

- 22:OO. 
j e t s  provided a predetermined, monitored or ientat ion of the 

various spacecraft coordinates with respect t o  t h e  d i rec t  ions 

from the  s a t e l l i t e  t o  ear th  and the  sun and with respect t o  

the  o r b i t a l  plane. This a t t i t ude  system operated normally 

from launch t o  23 July 1966. 

associated with the  a t t i t ude  control system f a i l e d  and t h e  

spacecraft  was subsequently commanded i n t o  a spin-s tabi l ized 

mode. 

of normal operation of the  a t t i t ude  system. 

A t  launch 

A composite system of  reaction &eels  and gas 

On 23 Ju ly  a power inverter  

All data presented here were acquired during the  period 

The University of Iowa instrumentation includes four 

cyl indrical-plate  e l ec t ros t a t i c  analyzers t o  se lec t  charged 

p a r t i c l e  energy and continuous channel mul t ip l ie rs  (Bendix 

channeltrons' ) as charged pa r t i c l e  detectors.  Each of the  

t w o  pa i r s  of e l ec t ros t a t i c  analyzers provides simultaneous 
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measurements of  the in t ens i t i e s  of protons and electrons,  

separately,  with the  same energy over an energy range 

extending from - 100 eV t o  50,000 eV. The directions of t he  

f i e l d s  of view of these two pa i rs  of e l ec t ros t a t i c  analyzers, 

designated as LEPEDEA's 'A '  and 'B', are  orthogonal and are  

directed p a r a l l e l  t o  spacecraft body Cartesian axes, + Z 

(toward ear th  i n  normal s a t e l l i t e  operations) and + Y ,  

respectively.  

(1.2 mg(cm)-2 mica windows) were positioned i n  the  instrument 

package such tha t  t he  directions of t h e i r  collimated f i e l d s  

of  view were p a r a l l e l  t o  those of t he  two e l ec t ros t a t i c  

analyzer pa i r s .  

G.M. tubes i s  1 . 5  X 

angle of t h e i r  conical f i e l d s  of view i s  15" .  Penetrating 

p a r t i c l e  energy thresholds within these f i e l d s  of view are  

Two EON type 213 Geiger-Mueller tubes 

The unidirect ional  geometric fac tor  of these 

em2 sr; the  corresponding ha l f -  

- 45 keV and E - 500 keV. A l l  of the experiment 
Ee - P -  
detectors and electronics  including eight high-voltage 

power supplies (> - 1 ki lovo l t ) ,  four  e l ec t ros t a t i c  analyzers, 

two Geiger-Mueller tubes, a signal processor and a power 

converter were mounted i n  a container on the  spacecraft  

EP-2 appendage (a short  boom) with a t o t a l  weight 6.3 l b s .  

and power consumption 2.5 watts. The en t i r e  instrumentation 
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has operated sa t i s f ac to r i ly  from experiment turn-on on 

9 June t o  the present date (1 August 1966). 

A diagram of the  sa l ien t  mechanical features  of one 

of t he  two ident ica l  Low Energy Proton and Electron 

Dif fe ren t ia l  Energy Analyzers (abbreviation, LEPEDEA) i s  

shown i n  Figure 1 (for  more de t a i l s  concerning t h i s  

instrumentation, see Frank [ 1 9 6 5 ~  1 ) .  Three cyl indrical  

curved p l a t e s  PIJ P 

e l ec t ros t a t i c  analyzers f o r  determination of proton and 

electron d i f f e ren t i a l  energy spectrums separately.  The 

t w o  outer p la tes  P1 and P 

and the center p l a t e  P2 i s  biased with a var iable  pos i t ive  

poten t ia l  ranging from approximately 0.5 vo l t  t o  4.5 k i lovol t s .  

Hence the  outer analyzer C2 accepts electrons of appropriate 

energy and the  inner analyzer C1 performs simultaneous 

analyses of pos i t ive  ion d i f f e ren t i a l  energy spectrums. 

This geometry w a s  chosen primarily because of i t s  

mechanical s implici ty  (only one curved p l a t e  with high 

voltage i s  required f o r  two e l ec t ros t a t i c  analyzers),  l a rge  

energy bandpass width and large geometric fac tor .  

r a d i i  of curvature for  p la tes  PIJ P2 and P 

12.8 cm and 13.9 cm, respectively.  

and p are used t o  form two 43' 2 3 

are t i e d  t o  c i r c u i t  ground 3 

The 

are  11.6 cm, 

I n  order t o  suppress 
3 
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the  u l t r av io l e t  and electron sca t te r ing  along the  analyzer 

p l a t e s  i n to  the p a r t i c l e  detectors the  concave surfaces of 

p l a t e s  P2 and P 

1 mm i n  depth and facing t h e  entrance apertures of the  

e l e c t r o s t a t i c  analyzers. An elaborate collimator with 

knife-edged l i g h t  ba f f l e s  was a l so  added t o  reduce t h i s  

sca t te r ing  and t o  define an approximately rectangular f i e l d  

of view with dimensions 6" and 22" i n  the  plane of and i n  

the  plane perpendicular t o  Figure 1, respectively.  All 

i n t e r i o r  surfaces of the  e l ec t ros t a t i c  analyzers and the  

collimator were platinum-blackened t o  fu r the r  suppress 

the detector  response t o  solar  u l t r av io l e t  emissions. 

During the  period of observations reported here no 

evidence f o r  a measurable detector response t o  u l t r av io l e t  

l i g h t  has been found. 

were machined with sawtooth ser ra t ions  3 

A simplif ied diagram of the  mounting of the  continuous 

The mul t ip l ie rs  channel mul t ip l ie rs  i s  a l so  shown i n  Figure 1. 

a re  posit ioned such t h a t  t he  normals t o  the  surfaces of 

t h e i r  entrance apertures form approximately a 30° angle with 

the  normals t o  the  e x i t  apertures of t h e i r  associated 

e l e c t r o s t a t i c  analyzers. This geometry forces  a l l  primary 

charged p a r t i c l e s  incident on the aperture of the  mult ipl ier  
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t o  produce secondary electrons near the f ron t  end (as 

compared with normal incidence where primary p a r t i c l e s  

could penetrate more deeply i n t o  the throa t  of t he  

mult ipl ier  before s t r ik ing  the capi l la ry  w a l l )  thus 

u t i l i z i n g  the  full gain of t he  detector without a la rge  

sac r i f i ce  i n  projected area. The entrance apertures 

of the  continuous channel mult ipl iers  are  biased with 

150 vo l t s  (A) and -3 ki lovol t s  (B) f o r  post-acceleration 

of electrons and protons, respectively [Frank, 1965~1.  

Electron pulses a r r iv ing  a t  the e x i t  apertures,  C and D,  

of the  mult ipl iers  are  accelerated in to  charge-collecting 

cups, Y and X, by a poten t ia l  difference of + 50 vo l t s .  

The cup Y f o r  the electron channel i s  biased with +3 

ki lovol t s  md i s  coupled in to  a voltage-sensit ive pulse 

amplifier with a capacitor. 

The voltages on the  curved p la tes  of t he  e l ec t ros t a t i c  

analyzers are  incremented once each 18.9 seconds over a 

voltage range extending from approximately 0.5 vo l t  t o  4.5 

k i lovol t s  i n  a predetermined and monitored sequence of 

1 5  s teps  followed by a scanning mode of duration 18.9 seconds 

during which t h e  p l a t e  voltage monotonically decreases from 

4.5 k i lovol t s  t o  0.5 vol t .  During t h e  stepped-voltage mode 
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the  energy resolution o f  t h e  e l ec t ros t a t i c  analyzers, 

AE/E - 0.5, i s  suf f ic ien t  t o  span without gaps i n  

pa r t i c l e  energy t h e  en t i r e  energy ranges fo r  protons and 

electrons,  100 eV < - -  E < 50 keV, i n  th i r t een  steps.  

Exemplary r e su l t s  of the  laboratory ca l ibra t ions  of 

LEPEDEA 'B '  e lectron channels are  shown i n  Figure 2 

which ~ A P S ~ E ~ C  the ~ c v e ~ a p  nf +.he e lec t ron  energy decade 

1 keV t o  10 keV provided by f ive  consecutive voltage s teps  

on the  e l ec t ros t a t i c  analyzer. A beam of electrons with 

constant i n t ens i ty  (5  x 10 5 electrons (cm2-sec)-l>, angle 

of  incidence 8 = 5" and variable energy was used t o  scan 

these f i v e  adjacent energy bandpasses. 

incidence, 8 ,  i s  defined as the angle between the  normal 

t o  the  entrance aperture of  the e l ec t ros t a t i c  analyzer 

and the  direct ion o f  the  charged p a r t i c l e  beam. 

angle l i e s  i n  the  plane of Figure 1 and i s  pos i t ive  t o  

the  r igh t  .) The bandpasses are well-defined with background 

r a t e s  due t o  e lectron scat ter ing smaller than the  peak band- 

pass response by a fac tor  > 500. 

energy bandpasses shown i n  Figure 2 a re  f i l l e d  by the  dispersion 

of these bandpasses as a function of incidence angle 8 

(see Figure 3 f o r  typ ica l  dispersion i n  one energy bandpass). 

(The angle of 

This 

The gaps between the  - 
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Energy bandpasses f o r  LEPEDEA 'B'  e lectron channels are 

summarized i n  Table I. Only observations with the LEPEDEA 

'B'  e lectron e l ec t ros t a t i c  analyzer are  presented i n  t h i s  

i n i t i a l  study. Descriptions of t he  remaining three  e l ec t ros t a t i c  

analyzers w i l l  be provided i n  subsequent invest igat ions.  The 

geometric f ac to r s  and energy bandpasses of these e l ec t ros t a t i c  

analyzers have been calculated from de ta i led  laboratory 

ca l ibra t ions  such as those shown i n  Figure 3 .  A s  examples, 

t h e  e f f ic ienc ies  of e lectron channels 6eB and 14eB (Table I) 
2 are  1 .5  (+ - 0.3) X and 4.9 (+ 1.0) X 10-1 (count-cm -sr-eV) 

( electron) -l, respect ively . 
A l l  four e l ec t ros t a t i c  analyzers, two  Geiger-Mueller 

tubes, and curved-plate voltage monitors (a  ca l ibra t ion  

sample fo r  each p a i r  of proton and electron measurements) 

time-shared the  experiment 15-bit  accumulator i n  a complex, 

but  t rac tab le ,  manner. 

were telemetered once each 1.15, 0.144 or 0.018 seconds 

The contents of t h i s  accumulator 

for t he  three  possible spacecraft data  r a t e s ,  1, 8 or 64 

k i l o b i t s  (see)-'. 

provided by the  Goddard Space F l ight  Center for analysis at 

t h e  University of Iowa. This analysis included ident i f ica t ion  

of t h e  68 channels of information which had been subcommutated 

Experiment data  tapes  Were subsequently 
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TABLE I 

OGO 3 LEPEDEA ELECTRON CHANNELS 'B '  
ENERGY BANDPASSES 

Electron Channel Energy Bandpas s* 

3eB 80 - 140 eV 

4eB 170 - 300 eV 

5eB 280 - 500 eV 

6eB 380 - 680 eV 

7eB 

8eB 

9eB 

lOeB 

610 - 1100 eV 

940 - 1700 eV 

1 . 5  - 2.7 keV 

2.8 - 5.0 keV 

lleB 

12eB 

l3eB 

1kB 

4.1 - 7.2 keV 

5.8 - 10 keV 

9.8 - 17 keV 

14 - 24 keV 

26 - 46 keV 15eB 

*Analyzer constant i s  7.3 ev(volt1-l. 
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i n t o  t w o  9-bit spacecraft  telemetry words, elimination of 

noisy data, merging the  o rb i t a l  information with the  experi- 

ment data, and calculations of proton and electron d i f f e ren t i a l  

(and in tegra l )  energy spectrums, energy dens i t ies  and 

individual energy bandpass in t ens i t i e s .  



111. Observations 

The responses of two LEPEDEA 'B' electron channels, 

9eB 

Figure 4 as a function of geocentric radial distance f o r  t he  

inbound pass of 12-13 June 1966. 

during t h i s  period of observations a re  not shown i n  these 

graphs; t he  sampling density displayed i n  Figure 4 i s  

and 14eB, and of the  213B G.M. tube are  shown i n  

All data f o r  these detectors 

- 10 samples (%)-l. 

approximately 1.1 X 10 

and electron i n t e n s i t i e s  and1.4 X 10 

spectrums were telemetered by t h e  spacecraft  and subsequently 

I n  f ac t ,  during t h i s  single pass 

6 individual measurements of proton 

3 proton and electron 

processed a t  the  University of Iowa. Several s a l i en t  features  

of t he  electron spectrums and i n t e n s i t i e s  f o r  t h i s  s ingle  pass 

a re  presented i n  t h e  following graphs. 

c l ea r ly  indicates  (1) the  electron spectrums sof ten with 

increasing geocentric r a d i a l  distance,  (2) spikes' of 

i n t e n s i t i e s  with l a rge r  response amplitudes a t  lower energy, 

(3) both pos i t ive  and no correlations of e lectron (1.5 C E 

- < 2.7 keV) and (Ee > 45 keV) in t ens i ty  var ia t ions  over 

t h e  r a d i a l  distances extending from 8 t o  11.5 RE, and (4) 

electron(1.5 - < Ee - C 2.7 keV)intensit ies at 20 

Inspection of Figure 4 

e - 

which are 
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similar i n  magnitude when compared t o  i n t e n s i t i e s  found 

deeper i n  the  magnetosphere at - 8 RE. 
t h e  planetary magnetic indices K 

and 13 June, respect ively [ I .U .G.G. ,  Association of 

Geomagnetism and Aeronomy, Commission No. 41. 

useful posi t ion coordinates of t he  spacecraft as a function 

of geocentric radial distance a re  p lo t ted  i n  Figure 5: 

so la r  e c l i p t i c  l a t i t u d e  and longitude, BSE and y,,; s o l a  

magnetospheric l a t i t ude ,  QSM [Ness, 19651, and geomagnetic 

l a t i t u d e  Am. 

n ight  meridional plane at - 10.5 % at moderate s o l a  

e c l i p t i c  and magnetospheric la t i tudes ,  - 35"; geomagnetic 

l a t i t u d e s  ranged from - 6" t o  15" over r a d i a l  distances 

8 % t o  19 %. 
Figure 1 and presented i n  the  following discussion the  

longitude of t he  spacecraft  posi t ion d i f fe red  from t h e  

longitude of t h e  midnight meridional plane by - < 30".  

direct ions of the  LEPEDEA 'B' axis of i t s  f i e l d  of view as 

functions of geocentric radial distance i n  several  coordinate 

systems are  summarized i n  Table 11. 

The da i ly  sums of 

were 140 and 10- on 12 
P 

Several 

A s  shown i n  Figure 5 OGO 3 crossed the  mid- 

During the  period of observations shown i n  

The 
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TABLE I1 

COORDINATES FOR THE AXIS OF LEPEDEA 'B'  
FIELD OF VIEW 

12-13 JUNE 1966 (INBOUND) 
OGO 3 

;at e l l i t  e Pos i t  ion, 
;CG c c z t r i  c r a d i e  

distance 

9 %  

RE 

l3 RE 

l5 % 

Axis directed along: 

-57" 171" 

-55" 185" 

-51" 193 " 

-48" 198" 

-44" 201" 

-39" 203 " 

:ol a.r-magneto soheric 

-54" 

-54" 

-53" 

-51" 

-46" 

-36" 

154" 

165 " 

174" 

184" 

197" 

207" 

33" 

29" 

24" 

18" 

37" 

3 + 
*Convention: if v I I B, a 0" 
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Omnidirectional i n t e n s i t i e s  of e lectrons E > 610 eV e 

and > 5.8 keV as functions of geocentric radial distance 

a re  shown i n  Figure 6. 

were calculated by integrat ing the  d i f f e r e n t i a l  energy 

These omnidirectional i n t e n s i t i e s  

spectrums observed with LEPEDEA 'B '  and with the  assumption 

of i so t rop ic  angulm dis t r ibu t ions .  The assumption of 

isotropy was corroborated with measurements of e lectron 

i n t e n s i t i e s  with LEPEDEA 'A' (axis of 'A '  f i e l d  of view 

d i rec ted  perpendicular t o  tha t  of 'B ' )  t o  within a f ac to r  

of - 2 f o r  t he  observations summarized i n  Figure 6. Peak 

omnidirectional i n t e n s i t i e s  of e lectrons Ee > 610 eV are  

2 -1 - lo9 (cm -sec) from 8 t o  20 RE; i n t ens i ty  var ia t ions  

RE' by f ac to r s  - lo3 a re  e a s i l y  discernible  beyond - 10.5 

Inspection of the  peak i n t e n s i t i e s  of e lectrons Ee > 5.8 keV 

shows a stronger modulation of i n t e n s i t i e s  with increasing 

radial distance when compared t o  t h e  lower energy e lec t ron  

i n t e n s i t i e s  and 

- - 4 X lo7 (cm2-sec)-l at 19.7 RE. Several of these e lec t ron  

spectrums a t  l a rge r  radial distances a re  extremely so f t .  For 

example, a t  17 

at  9.5 

(> 5.8 keV) 1: 10 9 2  (cm -sec)-' a t  9.5 , Jo 

J (> 610 eV)/Jo(> 5.8 keV) 2 300  erea as 
0 

t h i s  r a t i o  i s  - 2. The threshold in t ens i ty  f o r  



t h e  detector array i n  these calculations providing Jo(> 5.8 keV) 

i s  3 X 10 5 (cm2-sec)-l, or - erg(cm2-sec)-l. Electron 

> 280 eV) energy densi t ies ,  erg(cm)-3, a re  shown i n  (E e 

Figure 7 f o r  t h i s  s e r i e s  of observations. 

ranging from - 5 X t o  - e r g ( ~ m ) - ~  with rapid 

var ia t ions  i n  t h e  radial prof i les  a re  e a s i l y  evident. 

noteworthy t h a t  t h e  peaks of energy density from - 13 

20 % r i s e  t o  -;&ueb - 6(+ - itj X 10 -" erg(cm)-' with a 

r e l a t i v e  absence of smaller maxima i n  the  range - 5 X 10 

t o  2 X lo-'' erg(cm)-'. A n  electron energy density - 6(+ 4) 

X 10-l' e r g ( ~ m ) - ~  corresponds t o  a diamagnetic e f fec t  

- - 137 (AB = (8 IT E)1/2 where E i s  t h e  electron energy density) 

wt-Lch i s  within a f ac to r  of 2 or 3 of the  average magnetic 

f i e l d  magnitude i n  the  ' t a i l '  region reported by Ness [19651. 

A t  10 

( (8  'IT ??)'I2 - - 35 7) and t h e  corresponding magnetic f i e l d  

energy density using an earth-centered dipole approximation, 

f o r  a comparison only, i s  5 x 10-9 erg(cm)m3. 

t h e  electron energy dens i t ies  displayed i n  Figure 7 are  

important i n  s ign i f icant ly  d is tor t ing  the  geomagnetic f i e l d  

over t he  radial distance range extending from 8 

Energy dens i t ies  

It i s  

t o  
-1 n 

-12 

t he  electron energy density i s  - - 5 x erg(crn)-' 

~ l k a r l y  

t o  20 RE. 
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A t  8.5 t o  10.5 t h e  omnidirectional e lectron 

(Ee 

energy fluxes - 10 erg(cm -see) 

r e s u l t s  reported by Gringauz and h i s  associates [1960, 19631 

and Freeman [1964], respectively. 

2 -1 > 610 eV) in t ens i t i e s  - lo9 (cm -see) and omnidirectional 

2 -1 compare favorably with 

Several exemplary electron spectrums (500 eV < Ee < 

50 keV) at c e 1 ~ c t . d  geocentric radial distances a re  dis-  

played i n  Figure 8. These d i f f e ren t i a l  energy spectrums 

typ ica l ly  broaden with decreasing radial distance, become 

steeper f o r  Ee > 5 keV with increasing radial distance and 

are  characterized by a peak in t ens i ty  occurring at lower 

Iu 

energies with increasing radial distances.  

at 19.7 and 13.5 the  peak i n t e n s i t i e s  are  5 X 10 

electrons (cm -see-sr-ev) 

(cm -see-sr-ev) at Ee - - 2 keV, respectively.  Electron 

dens i t ies  f o r  t h e  electron spectrums a t  10.1 RE, 13.5 

and 19.7 RE shown i n  Figure 8 a re  0.5 (+ - 0.2) electrons 

For example, 

4 

2 -1 4 a t  Ee - - 1 keV and 3 x 10 

2 -1 

(alp. 

A coazse summary of electron observations fo r  t he  

inbound pass on 12-13 June 1966 has been given i n  Figures 4 

and 6. 

of LEPEDEA 'B'  t o  a 'spike'  o r  ' i s land '  of e lectron i n t e n s i t i e s  

An example of the  detai led character of the  responses 
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[ c f .  Frank, 1965a; Anderson, 19651 i s  shown i n  Figure 9. 

' spike ' ,  or  ' i s land ' ,  of electron (Ee > 45 keV) i n t e n s i t i e s  as 

observed with the  213B G.M. tube (bottom right-hand corner of 

Figure 9) i s  compared with the  temporal var ia t ions  of t he  

LEPEDM 'B' responses t o  lower energy electrons i n  10 energy 

bandpasses covering the  energy range 380 eV t o  46 keV. 

During th i s  event OGO 3 was a t  - 18 

distance and the  sun-ear th-satel l i te  angle, 't& SEP, was 

- 1-36" . 
l a rges t  changes i n  i n t e n s i t i e s  (by f ac to r s  - lo3 grea te r  

than the  detector threshold) occurring over the  energy range 

-1 .5  t o  5 keV and diminishing amplitudes at lower and higher 

energies. 

responds only t o  the  s m a l l ,  high-energy t a i l  of these electron 

events. The i n i t i a l  r i s e  of e lectron i n t e n s i t i e s  occws i n  

a period of 5 t o  10 minutes fo r  all energies shown i n  Figure 9 

with subsequent var ia t ions  i n  i n t e n s i t i e s  during the  event 

by f ac to r s  (energy-dependent) - 10 within periods - 5 minutes. 

A seasch for more rap id  temporal var ia t ions  i s  discussed 

l a t e r .  Another example of these electron spectrums i s  shown 

i n  Figure 10 which fea tures  an electron spectrum of d i f fe ren t  

character,  a 'p la teau '  over t he  energy range 2 t o  5 keV, when 

This 

geocentric r a d i a l  - 

The duration of this  event was - 1 hour with 

I n  f a c t  it i s  eas i ly  noted t h a t  213B G.M. tube 
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compared t o  t h e  more typ ica l  spectrums shown i n  Figure 8. 

The corresponding in t eg ra l  spectrum, J(> E ) ,  has been 

included i n  Figure 10 t o  demonstrate t he  re la t ionship  of 

the 213B G.M. tube measurement with the  LEPEDEA 'B' e lectron 

observations. Note t h a t  J(> 170 eV) - - 5 X 10 

(cm -see-sr) and J ( >  45 keV) - - 5 X 10 . 
electron i n t ens i ty  'spikes '  shown i n  Figure 6 beyond 

- 13 

7 electrons 

2 -1 3 Several of t he  

were unobservable with t h e  G.M. tube, or J(> 45 keV) 

The temporal var ia t ions of t he  electron spectrum 

shown i n  Figure 10 during the onset of the event display 

t h e  remarkable behavior shown i n  Figure 11. The three  

d i f f e r e n t i a l  energy spectrums a t  ?-minute in t e rva l s  show 

c l ea r ly  t h a t ,  whereas typ ica l ly  only a s ingle  peak i n  the  

spectrum appears during the onset, two discernible  peaks, 

at Ee - 1 keV and Ee - 10 keV, occur a t  t he  same time and 

'grow' i n  a similar manner with the  peaks i n  i n t e n s i t i e s  

sh i f t i ng  t o  lower energies with increasing time. 

A n  i n i t i a l  search for  rapid temporal var ia t ions  i n  low- 

energy electron i n t e n s i t i e s  within periods of 100 milliseconds 

t o  10 seconds indicates  t ha t ,  although rapid f luctuat ions i n  

i n t e n s i t i e s  by fac tors  ,> 2 have been observed within t h e  abridged 

body of observations shown i n  Figure 6, t yp ica l  observations 



show a general 

i l l u s t r a t e d  by 
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lack of such temporal fea tures  and are  

the  segment of data displayed i n  Figure 12. One 

average measurement of electron (1.5 < E 

shown i n  Figure 4 at 19.7 F$ has been expanded in to  i t s  t e l e -  

metered high-density sample displayed i n  Figure 12. The 

sampling density shown i n  t h e  bottom of Figure 12  i s  one 

accumulation of t h e  detector response for a period 17.7 

milliseconds with a repe t i t ion  period 144 milliseconds. 

Also shown i n  Figure 12 are corresponding ten-sample, 

or 1.44 second, averages and the  calculated standard 

deviations f o r  t h e  17.7 millisecond samples and t h e  averages. 

Temporal var ia t ions  i n  periods 100 milliseconds t a  10 seconds 

by fac tors  ,< 2 a re  consistent with the  calculated standard 

deviations of the samples. Hence the  ' spikes '  of i n t ens i t i e s  

shown i n  Figure 4 are  typ i f ied  by a general lack 

of e lectron in t ens i ty  pulses (by f ac to r s  2 2 i n  in tens i ty)  

a t  peak i n t e n s i t i e s  on time scales - 100 milliseconds t o  - 
seconds and during onset 'grow' within periods - minutes t o  peak 

i n t e n s i t i e s  over t he  energy range extending from - 400 eV 

t o  50 keV (cf .  Figure 9). 

of temporal i n t ens i ty  var ia t ions will be discussed i n  a 

comprehensive study now i n  progress. 

< 2.7 keV) i n t e n s i t i e s  e 

Exceptions t o  t h i s  i n i t i a l  survey 
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IV. Summary and Discussion - 

I n i t i a l  observations of low-energy electrons over t h e  

energy range extending from - 100 eV t o  50 keV i n  the  dark 

hemisphere of the  magnetosphere from 8 t o  20 during 

12-13 June 1966 with the  s a t e l l i t e  OGO 3 have been summarized 

i n  the preceding presentation of experimental r e su l t s .  

system of e l ec t ros t a t i c  analyzers borne on t h i s  spacecraft i s  

capable of measuring the electron (and proton) d i f f e ren t i a l  

energy spectrums over t h e  above energy range with good energy 

resolut ion and threshold in tens i ty  i n  two mutually orthogonal 

direct ions.  With these d i f f e ren t i a l  energy spectrums as basic  

data, corresponding in t eg ra l  spectrums, energy dens i t ies ,  

energy f luxes and number densi t ies  have been calculated and 

provided f o r  comparison with other observations. 

t he  sa l i en t  features  of the electron d is t r ibu t ions  reported 

here deserve fur ther  discussion. 

The 

Several of 

A s  the  geocentric r ad ia l  distance of t he  observation 

decreases, e lectron d i f f e ren t i a l  energy spectrums typica l ly  

harden f o r  Ee ,> 5 keV, broaden, and are  characterized 

by a peak i n  i n t e n s i t i e s  which, i n  an average sense, occurs 

a t  higher energies (see Figures 6 and 8). These r e s u l t s  suggest 
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t h a t  the  process fo r  accelerating these electrons i s  e f fec t ive  

over a region i n  the  magnetospheric t a i l  extending from at 

l e a s t  - 10 In  a rather  primitive point of view 

the  pers i s ten t  average s h i f t  of the  spectrum peak by several  

ki loelectron vo l t s  over a r ad ia l  span of - 10 would support 

t h e  existence of an e l e c t r i c  f i e l d  - (5  X 10 vo l t s )  (10 %)-' 

t o  20 RE. 

3 

- - 100 mi l l i vo l t s  (km)-l i n  t h i s  region. The measurements of 

e lectron in t ens i t i e s  reported here a re  i n  subs tan t ia l  agreement 

with Vela s a t e l l i t e  observations a t  - 17 

Felthauser, Olson and Strong, 19661. 

[Bame, Ashbridge, 

A t  geocentric radial  

distances - 8 t o  10 an electron (E > 610 eV) in t ens i ty  e - 10 9 2  (cm -see)-' and an electron (Ee > 610 eV) energy f lux  

2 -1 - 10 ergs(cm -see) are  observed. These r e s u l t s  compare 

favorably with r e s u l t s  reported by Gringauz [1960, 19631 and 

Freeman [I9641 a t  t h i s  general locat ion within t h e  magnetosphere; 

a typ ica l  e lectron spectrum i s  shown a t  t h e  bottom of Figure 8. 

It i s  of fur ther  i n t e r e s t  t o  note t h a t  the  energy f lux  i n  the  

electron spectrums at ,> 13 

within a r e l a t i v e l y  s m a l l  energy range. For example, approximately 

75% of the energy f l u x  f o r  the spectrum a t  19.7 

i s  shared by electrons i n  the  narrow energy range 1 t o  3 keV 

( r e fe r  t o  Figure 8) i s  concentrated 

shown i n  Figure 8 
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although the  measurable spectrum extends from 380 eV t o  46 keV. 

These 'monoenergetic' f luxes of e lectrons are  reminiscent, and 

indeed are  probably the  high-alt i tude counterpart, o f  rocket 

measurements of nearly monoenergetic (- 6 keV) electron fluxes 

at auroral  a l t i tudes  [ McIlwain, 19601. 

Measurements of the low-energy component (see Figure 9) 

of t he  'spikes '  or  ' i s lands '  of electron(Ee > 45 keV) in t ens i t i e s  

observed with thin-windowed G.M. tubes [ c f .  Frank, 1965a; 

Anderson, 19653 show t h a t  (1) t he  G.M. tubes respond only t o  

t h e  high-energy t a i l  of t he  electron spectrums, 

(2) typ ica l ly  the  peaks i n  the  electron d i f f e r e n t i a l  energy 

spectrums associated with these in t ens i ty  'spikes '  axe i n  the  

energy range 0.8 t o  10 keV, and (3) J(> 610 eV)/J(> 45 keV) - 10 
f o r  these events. During several  subs tan t ia l  e lectron events 

as observed with the  e l ec t ros t a t i c  analyzer t he  213 G.M. tube 

(Ee > 45 keV) response remained a t  background leve ls .  Typical 

d i f f e r e n t i a l  energy spectrums beyond - 13 

by a power law, kE-n, where n = 3(+ - 1) f o r  Ee 2 5 keV. An 

unusual electron spectrum with two  peaks i n  i n t e n s i t i e s  a t  

Ee - 1 keV and - 10 keV has been reported here (Figure 11). 

The i n t e n s i t i e s  i n  both peaks simultaneously increased over 

4 

can be described 
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a period -10  minutes during which both peak i n t e n s i t i e s  

sh i f t ed  toward lower energies as t h e  event progressed. 

simultaneity and similar temporal behavior of these two 

in t ens i ty  peaks suggest that  these electrons share a common 

or ig in  and hence t h a t  the acceleration mechanism i s  sometimes 

capable of providing a t  l e a s t  two electron beams with 

chazac ter i s t ic  energies d i f fe r ing  by a fac tor  - 10. 

most frequently observed electron spectrums beyond -13 

possessa s ingle  peak i n  the energy range - 0.8 keV t o  

3 keV. 

The 

The 

A comprehensive survey of the  temporal behavior of 

these electron spectrums and the companion proton spectrums 

over the  same energy range i s  now being prepared. 

It i s  easily noted tha t  t h e  radial p ro f i l e s  of low- 

energy electron i n t e n s i t i e s  are characterized by la rge ,  

catastrophic decreases and increases i n  i n t e n s i t i e s  beyond 

- 10 

in t ens i ty  p ro f i l e s  i s  presumably a r e f l ec t ion  of a combination 

of s p a t i a l  and temporal vwia t ions  i n  i n t e n s i t i e s  as seen at 

the s a t e l l i t e  posi t ion.  The r a d i a l  p ro f i l e  of t he  electron 

(Ee > 280 eV) energy densi t ies  shown i n  Figure 7 provides 

fur ther  information concerning t h e  nature of these 'spikes '  

of e lectron in t ens i t i e s ;  (1) t h e  peak energy densi t ies  a re  

(see, f o r  example, Figure 6).  The s t ruc ture  of these 
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- IO-' e r g ( ~ m ) - ~  (equivalent diamagnetic e f f ec t ,  & = (8 TT 

- 157), (2) there  i s  a notable r e l a t i v e  absence of peaks i n  t h e  - 
energy density i n  the range 5 X 10 -12 t o  2 X e r g ( ~ m ) - ~ ,  

and ( 3 )  an absence of a strong radial dependence i n  the  peak energy 

dens i t ies  i n  these spikes within a fac tor  of 2 beyond -13  

I n  view of these r e s u l t s  it i s  ce r t a in  that t h e  d is t r ibu t ion  

of electrons as s m a r i z e d  i n  Figure 7 subs tan t ia l ly  d i s to r t s  

. % 

t h e  geomagnetic f i e l d  beyond 8 

peak energy dens i t ies  - lo-' erg(cm)-j beyond - 13 

a 'saturat ion '  l i m i t  of the magnetic f i e l d  i n  these regions 

and probable t h a t  t he  pers i s ten t  

r e f l e c t  

beyond which the  t a i l  f i e ld  can no longer support the  pressure 

due t o  the  electrons.  The r e l a t ive  absence of energy density 

peaks of smaller amplitude would appear t o  indicate  that the  

acceleration mechanism drives the  electron i n t e n s i t i e s  t o  t h i s  

' sa turat ion '  point.  It i s  of fur ther  i n t e r e s t  t o  note that  

the  electron energy density peak a t  - 19.5 

observed while t he  spacecraft was - 1 2  above the  neut ra l  

sheet (esM - - Oo, Ness [1965]). 

energy electrons do appear within the  ea r th ' s  magnetic t a i l  

a t  lazge distances above t h e  neut ra l  sheet ( i n  f a c t ,  f o r  t h i s  

observation, 

neutral  sheet and t h e  presumed loca t ion  of t h e  northern 

(Figure 7) was 

Thus la rge  i n t e n s i t i e s  of low- 

near the  midpoint between the  posi t ion of the  
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magnetopause i n  t h e  meridional cross-section of t h e  magneto- 

sphere [Ness, 19651). 

of electrons a t  l a rge  distances from the  neut ra l  sheet i n  the  

ea r th ' s  magnetic t a i l  i s  important i n  constructing auroral  

theor ies  and for analyzing the  topology of t h e  magnetic 

f i e l d  i n  the  ' t a i l '  region. Observations of l a rge  i n t e n s i t i e s  

of low-energy electrons at N 17 

Consideration of these l a rge  i n t e n s i t i e s  

and over broad ranges of 

have also been reported by Bame e t  al [1966] (see a l s o  

Anderson and Ness [19663 f o r  a comparison of IMP 1 measure- 

ments of magnetic f i e l d  and higher energy, E 

e lectrons) .  

> 45 kev, e 

Results of an i n i t i a l  invest igat ion of t h e  temporal 

var ia t ions  of e lectron i n t e n s i t i e s  (see Figures 9 and 12)  

show t h a t  t h e  'spikes '  of i n t e n s i t i e s  usual ly  r i s e  i n  a 

period - minutes and tha t  there  are  usual ly  no var ia t ions  

of i n t e n s i t i e s  by f ac to r s  ,> 2 i n  periods - 100 milliseconds 

t o  - several  seconds during the peak of i n t ens i t i e s .  

Occasional bu r s t s  of electron i n t e n s i t i e s  during these 

shorter  time periods have been observed and w i l l  be discussed 

i n  a l a t e r  report .  Hence the in jec t ion ,  and perhaps the  

acceleration, of electrons as seen a t  the  posi t ion of the  
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s a t e l l i t e  i s  characterized i n  most events by periods - a 

few seconds t o  several  minutes over the  energy range 

extending from - 400 eV to 50 keV. 
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Figure Captions 

Figure 1. Diagram of the  b a s i c  mechanical fea tures  of the  

OGO 3 Low Energy Proton and Electron Dif fe ren t ia l  

Energy Analyzer (abbreviation, LEPEDEA) . 
Laboratory cal ibrat ions f o r  f i v e  electron channels 

of LEPEDEA ' B ' .  The responses of these  channels 

5 2 -1 t o  a directed beam, 5 X 10 electrons(cm -sec) , 
with f ixed  angle of incidence 0 = 5" (see t ex t )  

a r e  p lo t ted  as a function of e lec t ron  energy. 

Laboratory cal ibrat ions f o r  e lectron channel 14eB. 

The responses o f  t h i s  e lectron channel ( f ixed voltage 

on curved p l a t e  of the  analyzer) t o  a directed beam, 

3 x 10 

function of electron energy f o r  angles of incidence 

8 = 2 " ,  5" and 9". 

The responses of LEPEDEA 'B' channels 9eB and 14eB 

and of t he  213B thin-windowed G.M. tube as functions 

of geocentric r ad ia l  distance f o r  t h e  inbound pass 

of OGO 3 on 12-13 June 1966. 

Figure 2. 

Figure 3 .  

5 2 -1 electrons (cm -sec) , are  p lo t t ed  as a 

Figure 4. 
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Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

Figure 9. 

Several useful  posit ion coordinates for OGO 3 on 

12-13 June 1966 (inbound pass) .  

Omnidirectional i n t ens i t i e s  of electrons 

E 

geocentric r a d i a l  distance on 12-13 June 1966. 

> 610 eV and > 5.8 keV as functions of e 

Electron (Ee > 280 eV) energy dens i t ies  as a 

function of geocentric r a d i a l  distance on 12-13 

June 1966. 

Representative electron d i f f e r e n t i a l  energy 

spectrums a t  several geocentric radial distances. 

Temporal p ro f i l e s  of t he  LEPEDEA 'B'  responses t o  

e lectrons (380 eV < Ee < 46 keV) i n t e n s i t i e s  

during a ' spike ' ,  o r  ' island' ,  event observed with 

the  213B G.M. tube (Ee > 45 keV) at - 18 RE. 
Figure 10. Di f fe ren t ia l  and in tegra l  energy spectrums f o r  a 

' sp ike ' ,  or ' i s land ' ,  of e lectron in t ens i t i e s  r i c h  

i n  higher energy (5  t o  10 keV) electron in t ens i t i e s .  

Figure 11. Dif feren t ia l  energy spectrums a t  t he  onset of a 

' double-peaked' electron event observed a t  15.3 RE. 
Figure 12. An example of LEPEDEA 'B '  responses t o  e lectron 

(1.5 5 Ee < 2.7 keV) i n t e n s i t i e s  at maximum temporal 

resolut ion during t h e  peak i n t e n s i t i e s  of an electron 

event observed at 19.7 %. 
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